Grapevine is among the fruit crops with high economic value, and because of the economic losses caused by abiotic stresses, the stress resistance of Vitis vinifera has become an increasingly important research area. Among the mechanisms responding to environmental stresses, the role of miRNA has received much attention recently. qRT-PCR is a powerful method for miRNA quantitation, but the accuracy of the method strongly depends on the appropriate reference genes. To determine the most suitable reference genes for grapevine miRNA qRT-PCR, 15 genes were chosen as candidate reference genes. After eliminating 6 candidate reference genes with unsatisfactory amplification efficiency, the expression stability of the remaining candidate reference genes under salinity, cold and drought was analysed using four algorithms, geNorm, NormFinder, deltaCt and Bestkeeper. The results indicated that U6 snRNA was the most suitable reference gene under salinity and cold stresses; whereas miR168 was the best for drought stress. The best reference gene sets for salinity, cold and drought stresses were miR160e + miR164a, miR160e + miR168 and ACT + UBQ + GAPDH, respectively. The selected reference genes or gene sets were verified using miR319 or miR408 as the target gene.
Results
Amplification characteristic and Cq range of candidate reference genes. The candidate reference genes consisted of 2 non-coding RNAs, 4 housekeeping genes and 9 miRNAs. The sequences and stem-loop primers of these selected miRNAs are shown in Table 1 . To confirm the efficient amplification of pair-primers, the standard curves were obtained using a set of diluted cDNA templates. Based on the criteria of standard curve 27 , the regression coefficient (R 2 ) should be more than 0.98 with the amplification efficiency (E) tending to 100%. According to the selecting criteria, miR156a, miR159a, miR162, miR167a, miR169a and miR396a were excluded from the candidates because of an unsatisfactory E value or R 2 ( Table 2) . Among the remaining candidate reference genes, the E values ranged from 1.97 to 2.17, and R 2 varied between 0.982 and 0.999. Moreover, the single melting peak during real-time PCR verified the amplification specificity of the final 9 candidate reference genes (Fig. S1 ).
The mean Cq values of candidate reference genes in all 18 samples (six samples under each stress condition) ranged from 23.14 (5. 8S rRNA) to 29.28 (miR160e) (Fig. 1 ). 5.8S rRNA was the most highly expressed gene under salinity and cold stresses, and GADPH showed the highest level of expression under drought stress, whereas miR160e expressed with the lowest level under all three stress conditions. For CV values, the highest and lowest values under the three different treatments were 6.02% (5.8S rRNA) and 1.15% (U6 snRNA) in salinity stress; 9.73% (UBQ) and 0.55% (U6 snRNA) in cold stress; and 6.56% (GAPDH) and 2.24% (5.8S rRNA) in drought stress, respectively (Fig. 1) . The rank of mean CV values of candidate reference genes was U6 snRNA < miR168 < miR160e < EF1 < miR164a < ACT < GAPDH < 5.8S rRNA < UBQ, which represented the fluctuation difference of Cq values. 
Analysis of gene expression stability. Four algorithms including geNorm, NormFinder, deltaCt and
Bestkeeper were used to evaluate the expression stability of the candidate reference genes. geNorm is an algorithm of which the core concept is to compare the average pairwise expression ratio between candidate reference genes. The least stable gene can be excluded by a stepwise approach, and then the M value is provided to evaluate a candidate gene. As the algorithm suggests, a gene with an M value over 1.5 is not suitable to be a reference gene. The NormFinder algorithm uses ANOVA-based mathematical analysis to generate the inter-and intra-group variations of candidate genes. For the Bestkeeper algorithm, the lowest coefficient of variance (CV) and standard deviation (SD) are the evaluation criteria for stably expressed reference genes. The principle of the deltaCt algorithm is similar to that of the algorithm of geNorm; the deltaCt method is used to compare the expression stability of pairs of genes. The expression stability values generated from these algorithms were unified as the stability value (SV), and the SVs of candidate reference genes under salinity, cold and drought stress conditions are shown in Table 3 -5, respectively. Additionally, the top 5 most stable reference genes generated by each algorithm are presented as the Venn plot in Fig. 2 . Three stress treatments were conducted in this experiment, and H 2 O 2 (Hydrogen Peroxide) content, MDA (Malondialdehyde) content and SOD (Superoxide Dismutase) activity were measured to reflect the stress severity ( Fig. S2 ). In salinity-treated samples, U6 snRNA and miR164a ranked at the top 3 in all algorithms, indicating their stable expression under the condition of salinity stress. However, the least stable of all candidate genes calculated by the four algorithms under salinity stress were 5.8S rRNA and UBQ. For other candidate genes, the rankings were variable among different algorithms. For example, miR168 was the 6th, 7th, 7th, and 3rd most stable gene evaluated by geNorm, NormFinder, deltaCt and Bestkeeper, respectively (Table 3) . Under the cold stress condition, the most stable reference genes were similar across the four algorithms (Table 4) , and collectively, U6 snRNA and miR168 were the first and second most stable genes according to three algorithms, whereas U6 snRNA and ACT were the top two stable genes evaluated by NormFinder. For the least stable genes, the results given by geNorm, NormFinder, deltaCt and Bestkeeper were consistent, which confirmed that miR164a and UBQ Table 2 . The primers and amplification characteristics of candidate reference genes. were unstable under cold stress. As noted above, candidate genes with a SV (M) over 1.5 are not suitable to be a reference gene according to the algorithm of geNorm. Among all samples under different treatments, the SVs of 9 candidate genes were all below 1.5, except for UBQ in cold-treated samples. UBQ had a SV of 1.525 under cold stress, which indicated that UBQ was not a suitable reference gene for cold-treated grapevine. For drought stress, the SV rankings of the candidate genes were variable among algorithms (Table 5 ). However, UBQ and miR168 were indicated as the top 2 most stable genes by at least two algorithms. For the genes with low stability, U6 snRNA was the least stable gene from geNorm, NormFinder and deltaCt, whereas GAPDH was evaluated as the least stable gene by Bestkeeper. Furthermore, miR164a showed an unstable expression trait evaluated by most algorithms under drought stress.
Considering the limits and biases of different algorithms, four algorithms were performed to evaluate the expression stability of candidate genes. To reach a consensus on the rankings of optimal reference genes, the results generated by the four algorithms were aggregated by the Cross-Entropy Monte Carlo approach using Rpackage RankAggreg 36 . Based on the aggregated rankings ( Fig. 3) , the most and least stable candidate genes under different treatments were almost consistent with the results of ranking orders provided by each algorithm (Tables 3-5 ). U6 snRNA and miR164a, U6 snRNA and miR160e, and miR168 and UBQ were the candidate genes ranked at the top 2 under salinity, cold and drought stress, respectively, whereas the least stable candidate genes under these stresses were UBQ and 5.8S rRNA, miR164a and UBQ, and miR164a and U6 snRNA, respectively.
Optimal combinations of reference genes under salinity, cold and drought stresses. As noted above, one reference gene may result in bias during qRT-PCR. Using a reference gene combination can obtain more accurate and reliable normalization of gene expression data compared with that of a single reference gene for qRT-PCR 26 . The optimal number of multiple reference genes was determined by geNorm through calculating the V value (pairwise variation) ratio (V = V n /V n + 1 ) between normalization factors (NF). The value of 0.15 was set as the threshold of the V value to determine whether an additional reference gene was required in the reference gene set. When V n /V n + 1 ≤ 0.15, the n most stable genes were sufficient to create a stable reference gene combination. As shown in Fig. 4 , the V 2/3 of candidate genes under salinity and cold stress was 0.069 and 0.133, respectively, which were below 0.15. Therefore, the optimal reference gene sets under salinity and cold stress were miR160e + miR164a and miR160e + miR168, respectively. For drought stress, because V 2/3 = 0.179 was more than 0.15, whereas V 3/4 = 0.130 was less than 0.15, the top three candidate genes ACT, UBQ and GAPDH were the best genes to normalize the qRT-PCR results.
Verification of reference genes. For each of the three stress conditions, the 3 most stable single reference genes and a gene set were selected to validate the effectiveness of reference genes. Based on the rankings and V values, which were generated by RankAggreg and geNorm, respectively, the reference genes and gene set were selected as follow: U6 snRNA, miR164a, miR160e, and miR160e + miR164a for salinity stress; U6 snRNA, miR160e, miR168, and miR160e + miR168 for cold stress; miR168, UBQ, EF1, and ACT + UBQ + GAPDH for drought stress. According to previous studies, miR319 responds to salinity and cold stresses, whereas miR408 is associated with drought stress in different plant species 37 . Thus, miR319 and miR408 were chosen as target genes to perform qRT-PCR to validate the normalization efficiency of selected reference genes. When normalized by U6 snRNA, miR164a, miR160e and miR160e + miR164a, the expression of miR319 under salinity stress increased through time until the peak was reached at 24 h, followed by a slight decrease at 48 h (Fig. 5a ). The expression patterns normalized by different reference genes or gene set showed consistency. However, at the time points of 12 and 24 h, a significant difference was observed between U6 snRNA and the other normalization factors. Under cold stress, miR319 expression decreased at time points of 8, 12 and 24 h. The expression levels of miR319 normalized by different reference genes were not exactly the same (Fig. 5b) ; although the normalization results of U6 snRNA and miR168 were similar, the expression normalized by miR160e and miR160e + miR168 showed no significant differences at most time points. For drought stress, the expression patterns of miR408 with different normalization factors were not as consistent as those under the salinity and cold stresses (Fig. 5c ). The expression of miR408 increased at the time points of 3 and 9 d, followed by a gradual decrease. Significant differences occurred at all time points except for d 0 and were primarily between miR168 and the other reference genes.
Discussion
qRT-PCR is a widely used method for gene expression analysis because of the high sensitivity and accuracy 21, 38 . However, the final result of qRT-PCR can be easily influenced by technical error because of the advantage of high sensitivity 39 , and such bias may be caused by RNA extraction, cDNA reverse transcription, or the qRT-PCR process 27 . To obtain a more reliable result, the most common approach is to introduce one or more reference genes as the normalization factors 25, 40 . According to previous research, the most suitable reference genes for a given experimental condition, such as a biotic or abiotic stress, may be different from the suggested reference genes for other conditions 41, 42 . The optimal reference genes should be validated for different species, treatments or specific tissues. Several studies have conducted reference gene validation experiments for grapevine mRNA qRT-PCR but not for grapevine miRNA qRT-PCR 43, 44 . In these studies, protein-coding genes (such as ACT and UBQ) or ribosome RNAs (such as 5.8S rRNA and 18S rRNA) are always considered the most appropriate normalization factors for mRNA quantification. However, whether these selected reference genes are also suitable for grapevine miRNA qRT-PCR remains unclear. Because of the lack of supporting evidence, the widely used reference genes in other species, such as U6 snRNA and 5.8S rRNA, are usually chosen for normalizing grapevine miRNA quantitation data 28 . In addition to mRNAs, rRNAs and snRNAs, the potential of miRNAs as reference genes has received much attention recently. In some plant species, such as lettuce 31 , wheat 29 and peach 32 , miRNAs are more stable than the currently used reference genes under specific conditions. Furthermore, compared with other types of RNAs, miRNA is much shorter in length, and therefore, miRNA extraction and reverse transcription are different from the protocols for longer RNAs 28 . Using miRNAs as reference genes could avoid the bias caused by different RNA extraction and reverse transcription processes between reference genes and target genes 45 . Therefore, to guarantee a comprehensive comparison, the candidate reference genes of this research included traditional housekeeping genes (ACT, UBQ, GAPDH and EF1), widely used reference genes in miRNA qRT-PCR (5.8S rRNA and U6 snRNA), and conserved miRNAs (miR160e, miR164a and miR168) . The genes miR156a, miR159a, miR162, miR167a, miR169a, and miR396a were excluded from the candidate list because of unsatisfactory amplification efficiency or regression coefficient of the standard curve. Determination of the optimal number of candidate reference genes by geNorm analysis. Pairwise variation (V n/n + 1 ) between the normalization factors NF n and NF n+1 was used to determine the optimal number of multiple reference genes. When the value of V n/n + 1 is ≤0.15, the addition of one or more reference genes into the reference gene combination would not be necessary. Because of no consensus about the most reliable gene expression stability evaluation algorithm, four algorithms (geNorm, NormFinder, deltaCt, Bestkeeper) were used to minimize the bias 46 . U6 snRNA was the most stable reference gene under salinity and cold stress in this research, which ranked first in NormFinder, deltaCt, Bestkeeper and in the comprehensive ranking. U6 snRNA is one of the most commonly used reference genes in miRNA qRT-PCR 27 and is reported as the most stable gene in reference gene selection research of citrus 45 and tea 47 . According to previous research, U6 snRNA is highly conserved among species 48 and functions as a primary component of the RNA spliceosome, participating in the process of mRNA precursors 49, 50 . However, U6 snRNA ranked at the bottom under drought stress, as evaluated by geNorm, NormFinder and deltaCt, which could be because drought stress is lethal for plants 5 . Under drought stress, maintaining normal physiology processes in leaves is difficult, which leads to the decrease of mRNA content and that of U6 snRNA in the late stage of drought stress 51 . Another traditional miRNA reference gene 5.8S rRNA was less stable than U6 snRNA under salinity and cold stresses but was more stable than U6 snRNA under drought stress. This result indicates that no reference gene is suitable for every experimental condition. The test of expression stability under a particular experimental condition is always required, when not previously confirmed.
miR160e, miR164a and miR168 were ranked at the top one or top two under cold, salinity and drought stresses, indicating these genes were more stable than protein-coding genes and 5.8S rRNA. This result is consistent with previous studies 29, 31, 32 , indicating miRNAs are qualified to be miRNA qRT-PCR reference genes for grapevine under abiotic stresses. These 3 miRNAs all belong to conserved miRNA families and undertake important physiological functions. The target genes of miR160e are ARF family members that respond to auxin and associate with the development of multiple organs, such as seeds, leaves, roots and flowers 52 . For miR168, the function is regulation of the ARGONAUTE1 protein 53 , which is the primary component of the RNA-induced slicing complex (RISC) and influences plant growth and development 54, 55 . Because of the involvement in fundamental physiological processes, the stable expression of miR160e and miR168 was a reasonable result. miR164a reportedly negatively regulates the expression of NAC, a transcription factor that responds to salinity stress. However, in this research, miR164a showed relatively high stability under salinity stress, which is consistent with a previous report in maize 56 . In the maize experiment, NAC showed a more dramatic response to salinity stress after treatment, whereas miR164a only changed moderately, decreasing to approximately 90% relative expression on average compared with that of the control.
As reported previously, using a reference gene set instead of a single reference gene can provide more reliable normalized results 25, 26 . According to geNorm, miR160e + miR164a, miR160e + miR168, and ACT + UBQ + GAPDH were selected as the most suitable reference gene sets for salinity, cold and drought stresses, respectively. To validate the selected reference genes or gene sets, the top 3 genes of comprehensive ranking under each experimental treatment with the gene sets mentioned above were used to normalize the expression of target genes. Note that the genes with a low or middle ranking also have the potential to be reference genes as long as their SVs meet the requirements of algorithms in some other stress conditions 42 . As shown in Fig. 5 , under salinity and cold stresses, the quantification results of target gene miR319 exhibited similar patterns when normalized by the selected reference genes or gene sets, demonstrating that the tested reference gene or gene set was mutually validated. For drought stress, when normalized by miR168 and the others, the expression of target gene miR408 showed disagreement. The phenomenon that different reference genes lead to different expression patterns is also observed in other research, further indicating the importance of selecting the proper reference gene 31, 57 .
In conclusion, in grapevine, U6 snRNA, miR164a, miR160e and miR160e + miR164a are all suitable reference genes or gene set under salinity stress, whereas U6 snRNA, miR160e, miR168 and miR160e + miR168 can be used for qRT-PCR normalization under cold stress. Considering the target gene was miRNA, and miR168 was the top 1 reference gene of comprehensive ranking under drought stress, we suggest miR168 as the reference gene for miRNA qRT-PCR, rather than the others.
Methods

Plant materials and treatments. This study was performed on one-year-old Vitis vinifera L. cv. Muscat
Hamburg grown in the Fruit Experimental Greenhouse of Shanghai Jiao Tong University. These self-rooted grapevines were potted into a soil mixture (garden soil: organic fertilizer: perlite = 1: 1: 1) in 15 L pots. Fifty-four plants were divided equally into three groups to conduct stress treatments after cultivating under greenhouse conditions for 10 weeks. For salinity stress, plants were treated with 200 mM NaCl water solution for several days (sampling times are listed below); for cold stress, plants were exposed to low temperature in an incubator (4 °C, 16 h light/8 h dark); for drought stress, plants were maintained with the water supply withheld. Leaves were collected at 0, 4, 8, 12, 24, and 48 h after salinity and cold treatments and at 0, 3, 9, 13, 16 , and 21 d after drought treatment. Three biological replications were included at each time point. All samples were immediately frozen in liquid nitrogen and stored at −80 °C until used. H 2 O 2 content, MDA content and SOD activity were measured using Hydrogen Peroxide assay kit (Nanjing Jiancheng, Nanjing, Jiangsu, China), Malondialdehyde assay kit (Nanjing Jiancheng, Nanjing, Jiangsu, China) and Total Superoxide Dismutase assay kit (Nanjing Jiancheng, Nanjing, Jiangsu, China), respectively.
RNA extraction and cDNA synthesis. Total RNA was isolated using RNAplant Plus Reagent (TIANGEN, Beijing, China), and genomic DNA was removed using Recombinant DNase I (TAKARA Biotechnology, Dalian, Liaoning, China). RNA integrity was evaluated by 2% agarose gel electrophoresis; whereas a NanoDrop 2000 measured RNA concentration and quality (Thermo Scientific, Waltham, Massachusetts, USA). After analysis, samples with an OD 260/280 ratio from 1.9 to 2.1 and an OD 260/230 ratio from 1.8 to 2.2 were chosen for the next step.
The first-strand cDNA was synthesized from 1 μg of total RNA according to the instructions of a FastKing RT Kit (TIANGEN, Beijing, China). The 20 μL reaction system was performed at 42 °C for 15 min and 95 °C for 3 min. For miRNA amplification, cDNA synthesis was conducted using the same protocol described above, except stem-loop reverse transcription primers were used instead of oligo (dT).
Selection of reference genes and primer design.
A total of 15 candidate reference genes were selected.
The sequences of 5.8S rRNA and U6 snRNA, the two most commonly used reference genes for miRNA qRT-PCR, were obtained from NCBI (GenBank Accession: KT344661.1) and reported by Kullan et al. 58 , respectively. The sequences of 4 traditional housekeeping genes, ACT, UBQ, GAPDH and EF1, were reported by Reid et al. 59 . According to the miRNA high-throughput sequencing results in grapevine 28, 60 and reference gene selection research for miRNA qRT-PCR in other plant species 27, 29, 32 , miR156a, miR159a, miR160e, miR162, miR164a, miR167a, miR168, miR169a, and miR396a were chosen as potential normalization factors for miRNA qRT-PCR in grapevine.
The primers of 5.8S rRNA, ACT, UBQ, GAPDH and EF1 were designed by Primer Express (3.0.1), whereas the primers of U6 snRNA were obtained from Kullan et al. 58 . For miRNA cDNA synthesis, the stem-loop primers were designed according to Chen 21 , which consisted of 44 conserved and 8 variable nucleotides that were specific to the 3′ end of the miRNA sequences. For miRNA qRT-PCR, the forward primers were designed using 1-11th nucleotides of miRNA sequences, with 7 nucleotides (GCGGCGG) added to the 5′ end to increase the length of primers; whereas the reverse primers were universal.
qRT-PCR analysis. qRT curves were evaluated in each reaction to ensure the specificity of amplified action. Each sample was evaluated in three technical triplicates.
Using a series of 5-fold diluted cDNA as templates, the standard curves were generated for each candidate reference gene. The correlation coefficient (R 2 ) and slope were obtained from the linear regression model created by the LightCycle 480 system, and the PCR efficiency (E) was calculated using the following formula: Reference gene validation. As reported by Thiebaut et al. 61 , Zhou et al. 62 and Ma et al. 37 , miR319 is responsive to salt and cold stress, whereas miR408 is responsive to drought stress. Therefore, miR319 (salinity and cold stress) and miR408 (drought stress) were chosen as the target genes to validate the stability of selected reference genes. The relative expression of the target genes at six time points was calculated using the 2 −ΔΔCt method, and the significant difference analysis was performed using the SPSS statistical software package (19.0).
